The annealing behavior of cryogenically-rolled type 321 metastable austenitic steel was established. Cryogenic deformation gave rise to martensitic transformation which developed preferentially within deformation bands. Subsequent annealing in the range of 600°C to 700°C resulted in reversion of the strain-induced martensite to austenite. At 800°C, the reversion was followed by static recrystallization. At relatively-low temperatures, the reversion was characterized by a very strong variant selection, which led to the restoration of the crystallographic orientation of the coarse parent austenite grains. An increase in the annealing temperature relaxed the variant-selection tendency and provided subsequent recrystallization thus leading to significant grain refinement. Nevertheless, a significant portion of the original coarse grains was found to be untransformed and therefore the fine-grain structure was fairly heterogeneous.
I. INTRODUCTION
THE possibility of significant improvement in mechanical properties has prompted considerable interest in the development of ultrafine-grain materials. Typically, this is achieved by the application of severe-plastic-deformation techniques, [1] but such methods are often laborious and difficult to apply for the fabrication of commercial-scale products. For metastable austenitic steels, however, the ultrafine-grain structure may be produced by conventional cold rolling followed by annealing. This approach is based on a strain-induced martensitic transformation during cold deformation and subsequent martensite-to-austenite reversion during heat treatment and is sometimes referred to as an ''advanced'' thermomechanical process. [2] Extensive research over a~25-year period has demonstrated the remarkable complexity of microstructural changes involved in this processing route. During the deformation step, the nucleation of strain-induced martensite has been reported to occur at dislocation pile-ups, [3] [4] [5] [6] mechanical twins, [6] [7] [8] [9] [10] [11] or deformation bands. [3, 5, 7, [11] [12] [13] The austenitic and martensitic phases are typically found to be related through a Kurdjumov-Sachs (K-S) orientation relationship, viz., {111} c || {110} a¢ and h110i c || h111i a¢ , [3, 5, 7, 11, [13] [14] [15] although substantial deviations are sometimes observed. [10] The phase transformation may also involve the formation of a transient e-martensite phase, i.e., it may develop via a c fi e fi a¢ transformation sequence. [3, 5, 7, 8, 12, 13, 16] The size of the strain-induced martensitic particles is usually reported to be in the nanoscale range. [6] [7] [8] [9] [10] [11] 13, [16] [17] [18] [19] [20] [21] During subsequent annealing, reversion back to austenite may be governed by two different mechanisms, i.e., a thermal (martensitic) shear or thermally-activated diffusion. [22] The activation of a particular mechanism is believed to be dependent on the specific chemical composition of the material and temperature [23] as well as the heating rate. [24] Sometimes, both mechanisms may operate concurrently. [10, 25] In the case of the shear mechanism, the reverse transformation typically follows the K-S relation. [10, 22, [26] [27] [28] [29] [30] [31] Moreover, the crystallographic orientation of the newly-formed austenite may be nearly identical to that of the parent (prior-austenite) grain. [22, 26, 27, [30] [31] [32] [33] [34] [35] This austenite ''memory'' effect is sometimes attributed to strong variant selection during the phase transformation, [26, 31] as well as to a relief of residual stress. [31] The shear reversion mechanism is also characterized by a high dislocation density [22, 23, 27, 32, 33, 36] which arises from the retention of dislocation substructure within the martensitic phase as well as that generated during reversion. [33] In the case of the diffusional mechanism, no clear orientation relationship between the new austenite and the martensite is found. [22] However, multiple new orientations produced by reversion can result in grain refinement. [10, 22, 26, [31] [32] [33] [34] [35] At high annealing temperatures, reversion may also be followed by static recrystallization. [22, 25, 34, 37] It is also sometimes believed that lower deformation temperatures may enhance the grain-refinement efficiency of advanced thermomechanical processing. Specifically, lower temperatures should increase the driving force for both martensitic transformation during the deformation step as well as that for reversion and recrystallization during subsequent annealing. In view of potential property benefits with regard to microstructure refinement for commercial scale sheet products, the processing of metastable austenitic steels at cryogenic temperatures has attracted significant interest recently. [8, 18, 19, 30, 38, 39] The work reported herein is part of wide-ranging research project whose overall aim has been to evaluate the efficiency of advanced thermomechanical processing utilizing cryogenic deformation for refinement of the grain structure in type 321 metastable austenitic steel. The microstructural response of this material to conventional thermal mechanical processing has been described in a number of recent reports. [40] [41] [42] It has been shown that rolling to a 90 pct. thickness reduction at ambient temperature results in the formation of a microstructure with 50 pct. martensite. [40] Subsequent reversion during annealing gave rise to a bimodal structure consisting of fine-grain reverted austenite and relatively coarse-grain remnants of untransformed austenite. [40] Such a bimodal microstructure provided an excellent combination of strength and ductility. [40] Furthermore, a lowering of the rolling temperature to À 20°C has been shown to significantly enhance strain-induced martensitic transformation and thus promote a finer austenite grain size in the final reverted microstructure. [41] In a previous investigation of type 321 metastable austenitic steel, [43] the specific effect of cryogenic rolling on microstructure and texture evolution was examined. The current paper is focused on the post-rolling annealing behavior of cryogenically-rolled material.
II. MATERIAL AND EXPERIMENTAL PROCEDURES
The program material comprised type 321 metastable austenitic stainless steel with nominal* chemical composition shown in Table I . The initial material was rolled to 85 pct thickness reduction at 950°C and then annealed at 1200°C for 1 hour, thereby producing a fully-recrystallized austenitic grain structure with a mean grain size of~100 lm. The preprocessed material was then cryogenically rolled to 30 pct overall thickness reduction (true strain = À 0.36). The reduction was performed in a single pass using a rolling speed of 160 mm/s in a cluster mill with 65-mm-diameter work rolls. Higher reductions were found to lead to significant (undesirable) deformation heating and roll-separating forces which exceeded the capacity of the laboratory equipment. To provide cryogenic deformation conditions, the rolling preform was soaked in liquid nitrogen and held for 15 minutes prior to rolling. The typical flat-rolling convention was adopted in this work; i.e., the rolling, long-transverse, and thickness/normal directions were denoted as RD, TD, and ND, respectively.
To evaluate the temperature range for the martensite-to-austenite reversion and recrystallization, microhardness measurements were performed. Vickers microhardness values were determined by applying a load of 1 kg for 10 seconds. For each material condition studied, 50 measurements were made to obtain an average value.
Based on the results of these preliminary experiments, nine temperatures were selected for detailed microstruc- . In all cases, cryo-rolled specimens were heated to the particular temperature at a rate of~10 K/s, held for 1 hour, and then water quenched.
Microstructural characterization was performed on the mid-thickness rolling plane (i.e., RD-TD plane) via electron backscatter diffraction (EBSD). For this purpose, samples were prepared using conventional metallographic techniques followed by electropolishing in a solution comprising 95 pct acetic acid and 5 pct perchloric acid using an applied potential of 60 V. For EBSD, a JSM-7800F field-emission-gun scanning-electron microscope (FEG-SEM) operating at an accelerating voltage of 25 kV and a TSL OIM TM system were employed. To examine the microstructure at different length scales, several EBSD maps were acquired for each material condition. Low-resolution (overview) maps were obtained using a scan step size of ether 1 or 2 lm; higher-resolution maps were acquired using a scan step size of either 50 or 100 nm. The statistics of EBSD measurements are summarized in Supplementary Table S-1. For each diffraction pattern, seven Kikuchi bands were used to minimize indexing error. The a¢-martensite was indexed as a body-centered-cubic phase; this approach is believed to be feasible for EBSD of steels. [44] To ensure reliability of the data, all grains comprising two or fewer pixels were automatically ''cleaned'' from the maps using the grain-dilation option in the OIMä software. Furthermore, to eliminate spurious boundaries caused by orientation noise, a lower-limit boundary-misorientation cut-off of 2 deg was employed. A 15 deg criterion was applied to differentiate low-angle boundaries (LABs) from high-angle boundaries (HABs).
Interpretation of microstructural changes was assisted by thermodynamic calculations derived using ThermoCalc software with the TCFe9 database.
III. RESULTS AND DISCUSSION
A. Preliminary Analysis
Microhardness measurements
The effect of annealing temperature on the room-temperature microhardness ( Figure 1 ) showed a noticeable amount (~15 pct) of hardening at 400°C. ThermoCalc calculations predicted the nucleation of CrC and Ni 3 Ti phases at this temperature (Figures 2(a) and (b), respectively), which perhaps explains this surprising effect. At present, however, the precipitation of the particles has not been confirmed experimentally and therefore requires further study.
At temperatures in excess of 550°C, rapid material softening was found, which likely indicates the martensite-to-austenite reversion.
EBSD examination
Representative examples of low-resolution (overview) phase maps of the cryo-rolled and annealed materials are summarized in Figure 3 . The material in the as-rolled condition (Figure 3(a) ) contained a significant fraction of martensitic phases. The measured content of a¢-and e-martensite was~35 pct and~3 pct., respectively. However, considering the relatively-coarse scan step size (1 lm) as well as the very fine nature of the martensitic phases, the measured fractions were presumably underestimated.
Subsequent annealing of the cryo-rolled material at 400°C resulted in dissolution of e-martensite ( Figure 3(b) ). This was consistent with the well-known low thermal stability of this phase, which transforms into austenite at relatively-low annealing temperatures. [37, 45] Moreover, the e fi c transformation is believed to be governed by a shear mechanism, [37] which should generate dislocations, [45] and thus contributed to the strengthening observed at 400°C (Figure 1 ). On the other hand, the fraction of a¢ martensite did not change noticeably (compare Figures 3(a) and (b)).
At 600°C, the fraction of a¢ martensite was reduced to~10 pct. (Figure 3 (c)) thus providing evidence of reversion to austenite; this observation was in line with material softening at this temperature ( Figure 1 ). Equally important, austenite reversion did not result in significant grain refinement in the austenitic phase but provided rather a reconstruction of the parent austenite grains (Figure 3(c) ); this behavior is discussed in more detail in Section III-B.
Surprisingly, the reversion process led to a marked refinement of the remaining a¢ martensite (Figure 3(b) vs (c)); moreover, EBSD measurements revealed considerable reduction of orientation spread in this phase (Supplementary Figure S-1 ). These observations indicated that the martensitic phase may have experienced substantial change prior to the reversion into austenite. However, the limited statistics of the measurements in the a¢ martensite at this annealing temperature prevented a convincing conclusion to be drawn.
A further increase in annealing temperature to 800°C led to almost complete disappearance of the a¢ martensite and significantly reduced the austenite grain size (Figure 3(d) ). The latter observation suggested a recrystallization process.
Based on the broad analysis in this section, therefore, two temperature ranges were selected for detailed microstructural examination: 600°C to 700°C (i.e., martensite-to-austenite reversion) and 800°C (i.e., the suggested recrystallization).
B. Martensite-to-Austenite Reversion
Broad aspects of the process
To investigate the martensite-to-austenite-reversion process, the microstructures of specimens annealed in the range of 600°C to 700°C were examined in greater detail. In EBSD inverse-pole-figure (orientation) maps from as-rolled and annealed materials (e.g., Figure 4 ), austenite grains were colored according to their crystallographic orientations relative to the ND, and HABs were depicted as black lines. Black clusters represented martensitic phases.
In the cryogenically-rolled condition (Figure 4(a) ), the remnants of the original coarse-grain austenite structure were clearly seen. In the authors' previous work, [43] the relatively-slow kinetics of grain refinement in austenite was attributed to a martensitic transformation occurring in the most-heavily-strained areas; this suppressed the normal development of deformation-induced boundaries in the austenitic phase.
Martensite-to-austenite reversion at relatively-low temperatures also provided only limited grain refinement (Figure 4(b) ). The orientation map clearly demonstrated that reversion resulted by and large in essentially a reconstruction of the original coarse austenite grains, as suggested in the previous section. On the other hand, an increase of the reversion temperature enhanced grain refinement (see Figure 4 (b) vs (c) and (d)).
Texture analysis ( Figure 5 ) confirmed the restoration of crystallographic orientations of the parent austenite grains during low-temperature reversion. In particular, the cryogenically-rolled austenite was characterized by a typical rolling texture comprising Brass {110}h112i, Goss {110}h100i, S {123}h634i, and Copper {112}h111i orientations ( Figure 5(a) ). Martensite reversion back to austenite increased the orientation spread around these components somewhat but provided no fundamental changes in the principal texture components ( Figure 5(b) ).
The reversion mechanism
To examine the detailed mechanism of martensite reversion back to austenite, various types of high-resolution EBSD maps were taken from both cryo-rolled and (Figures 6(a), 7(a), and 8(a) ), phase maps (Figure 6(b) ), and orientation (inverse-pole-figure) maps (Figures 6(c) , 7(b), and 8(b)). The Kikuchi-band-contrast maps were based on measurement of the sharpness of Kikuchi patterns; the sharpness decreases in regions with crystal defects and thus provides images similar to that obtained by conventional optical microscopy.
In the cryogenically-deformed material, strain-induced martensite was preferentially located in deformation bands (Figures 6(a) and (b) ). This agrees well with numerous reports in the literature. [3, 5, 7, [11] [12] [13] The almost exclusive concentration of strain-induced martensitic transformation within deformation bands may thus limit the volume fraction of martensite developed during deformation. As expected, the crystallographic orientations of the austenite and martensite were related through a nearly-perfect K-S orientation relationship, as exemplified in Figure 9(a) . Moreover, the martensite particles nucleated within a particular austenite grain were characterized by broadly-similar crystallographic orientations (compare Figures 6(b) and (c)); this evidenced a strong variant selection tendency governing the transformation process. This behavior has been discussed in greater detail in the authors' companion paper. [43] During the reversion process on heating, the strain-induced martensite transformed back almost completely to austenite (Figures 7 and 8) . However, the resulting austenite tended to appear dark in the Kikuchi-band-contrast maps (Figures 7(a) and 8(a) ), thus suggesting a relatively-high dislocation density in this austenite.
The most striking feature of the austenite formed by the reversion of martensite at relatively-low temperature was the similarity of its crystallographic orientations relative to those of the parent austenite (Figure 7(b) ). This restoration of the original crystallographic orientation during the reversion process thus provided strong evidence for an austenite memory effect, [22, 26, 27, [30] [31] [32] [33] [34] [35] and explained the relatively-limited degree of grain-refinement during reversion (Figure 4(b) ) as well as the restoration of the original rolling texture (Figure 5(b) ). Nevertheless, the martensite-to-austenite reversion at low temperatures did produce new crystallographic orientations in some cases; an example is indicated by the arrow in Figure 7 (b). At relatively high reversion temperatures, the latter phenomenon became much more pronounced, thus leading to significant grain refinement (Figure 8(b) ). Local crystallographic measurements revealed a nearly-perfect K-S orientation relationship between the retained martensite and such new orientations produced by reversion (Figure 9(b) ) at both low and high reversion temperatures.
Considering the relatively-high concentration of crystal defects in the austenite generated by martensite reversion, the K-S orientation relationship between the phases, and especially the memory effect, martensite reversion to austenite was deduced to be governed by a shear mechanism. The activation of this mechanism was probably attributable to the relatively low annealing temperatures (i.e.,~0.51 to 0.57 T m ), but may also have been affected by the relatively-high heating rate employed in this work (~10 K/s). As shown by Leem et al. [24] heating rates of 10 K/s and above may promote martensitic transformation.
Considering the shear character of the reversion process, the observed austenite memory effect presumably arose from some sort of very strong variant selection during the c fi a¢ fi c transformation sequence. Assuming an important sensitivity of this phenomenon to micro-scale residual stresses, [31] it may be hypothesized that recovery at high reversion temperatures might relax the variant-selection effect, leading to additional variants, and thus promote grain refinement (Figure 8(b) ).
It is also worth noting that the martensite which reverted back to austenite at relatively-high temperatures was characterized by a small fraction of sporadic defect-free grains (examples indicated by arrows in Figure 8 (a)) which sometimes contained annealing twins (example shown by an arrow in Figure 8(b) ). Perhaps, this indicates the activation of a diffusional mechanism which contributed only slightly to the high-temperature reversion process. 3. Grain refinement efficiency Measurements of the grain-boundary area in the austenite formed by reversion of martensite served to quantify the efficiency of grain-refinement by this mechanism. To this end, this austenite was extracted from EBSD data (Figures 7(c) and 8(c) ). The extraction procedure was based on the fact that such austenite was characterized by a relatively-high dislocation density and thus appeared dark in the Kikuchi-band-contrast maps. Therefore, a contrast threshold in these maps was selected manually to extract the dark band regions (compare Figures 7(a) and (c) and 8(a) and (c) ).
Misorientation data derived from the extracted regions were plotted in terms of misorientation-angle and misorientation-axis distributions (e.g., Figure 10(a) ); more specifically, the misorientation-angle data were expressed in terms of grain-boundary density, corresponding to the total grain-boundary length for a given range of misorientation angles divided by the area of the extracted EBSD map. This metric provides a more direct comparison of grain-boundary characteristics for different material conditions, thus facilitating the evaluation of the grain-refinement effect. The influence of the reversion temperature on total density of HABs is presented in Figure 10(b) .
The misorientation distributions of the reverted austenite were characterized by a pronounced low-angle maximum, a sharp peak near 60 deg as well as clustering of misorientation axes near h110i and h111i poles (Figure 10(a) ). The measured misorientations were broadly similar to those between the crystallographic variants expected from the c-a¢-c phase transformation sequence governed by the K-S orientation relationship (Supplementary Table S -2) . This perhaps also corroborates the shear mechanism of martensite-to-austenite reversion, as mentioned in the previous section.
An increase in the reversion temperature doubled the HAB area in the reverted austenite (Figure 10(b) ). This reflected an enhancement of grain-refinement as is readily seen by comparing Figures 7(b) and 8(b) . As discussed in the previous section, microstructural changes in this temperature range were affected only slightly by recrystallization. Therefore, the observed increase in HAB area presumably originated from a reduction in preferential variant selection during the a¢ fi c transformation.
At 650°C, the increase in HAB area was primarily contributed by 60 deg misorientations (Figure 10(a) ), thus suggesting the nucleation of twin-related variants. This effect has also been described in the literature. [26] [27] [28] 31, 33, 35, 46] At 700°C, the HAB area increased for a wide range of misorientation angles (Figure 10(a) ), providing evidence for the formation of multiple variants. It may thus be concluded that reversion at higher temperatures is more useful for grain refinement. The LAB density was also found to increase with annealing temperature (Figure 10(a) ), thus perhaps reflecting a nucleation of crystallographic variants with relatively-low orientation difference (Supplementary Table S-2). Even at the high temperatures, however, the refinement occurred only in prior-martensitic areas, and regions with retained austenite remained nearly unchanged with regard to microstructural scale (Figure 8(b) ).
C. Recrystallization
Typical EBSD maps taken from material annealed at 800°C are shown in Figure 11 . In these maps, austenite grains are colored according to their crystallographic orientations relative to the ND whereas the a¢ martensite is black. It is clear from the EBSD data that austenite had undergone recrystallization. However, recrystallization was not complete, and the resulting microstructure thus retained a substantial fraction of coarse unrecrystallized grains (Figure 11(a) ). Such microstructures are often observed during recrystallization of metastable austenitic steels. [25, [47] [48] [49] [50] To obtain insight into the recrystallization process, the textures of the recrystallized and unrecrystallized regions were extracted from the global EBSD maps using an approach developed by Konkova et al. [51] Specifically, recrystallized grains were defined as those having an orientation spread below the limit detectable by EBSD (i.e., 2 deg), and the remaining grains (with higher orientation spread) were taken to be unrecrystallized. An example of the partitioned microstructure is given in Supplementary Figure S-2 , and the resulting texture data are shown in Figure 12 . The fraction of recrystallized material measured by this approach was 58 pct.
Similar to recent findings by Sun et al. [47] the main crystallographic orientation of the unrecrystallized grains was found to be close to the Brass {110}h112i component (Figure 12(a) ). The Brass orientation is predicted to be stable during cold rolling, [52] and therefore it should accumulate relatively-low orientation gradients during straining and hence a limited driving force for subsequent recrystallization. [53] By contrast, the texture of the recrystallized material was dominated by the Cube {001}h100i as well as Brass {110}h112i, Copper {112}h111i, and S {123}h634i orientations (Figure 12(b) ). The presence of the three latter components in the recrystallization texture suggested that the recrystallization nuclei inherited the crystallographic orientations of cryogenically-rolled grains (compare Figures 5(a) and 12(b) ).
Somewhat surprisingly, it was found that the recrystallized material also contained a small fraction of retained martensite (small, black regions in Figure 11(b) ). The confidence index of these EBSD data typically exceeded 0.1, thus suggesting relatively-reliable measurements. [54] Local crystallographic measurements revealed no clear orientation relationship between adjacent martensite and austenite grains in such instances, thus suggesting a diffusional mechanism for martensite reversion. This finding is consistent with misorientation distribution in the recrystallized austenite ( Figure 13(a) ), which was distinctly different from that in the austenite formed by martensite reversion shown in Figure 10 (a). Nevertheless, the martensite reversion mechanism at this temperature is not completely clear and warrants further study.
Although recrystallization resulted in grain refinement, the mean grain size was well above the desirable ultrafine-grain range (Figure 13(b) ). Specifically, the mean grain diameter of the recrystallized grains (including annealing twins) was measured to be~1.2 lm. The scale of such features as well as the pronounced heterogeneity of the overall microstructure (Figure 11(a) ) thus indicates that modifications to the processing route are necessary to obtain an optimal material. In this regard, annealing of the cryo-rolled material between 700°C and 800°C may be of particular interest. Such a treatment may promote extensive variant selection during martensite reversion but avoid excessive growth of recrystallized grains, thus producing a desirable ultrafine-grain structure. To eliminate recrystallization-resistant grains with near-Brass orientations (and thereby provide microstructure uniformity), a relatively long-term anneal may be required, however.
IV. CONCLUSIONS
The objective of this work was to evaluate the efficiency of advanced thermomechanical processing based on cryogenic deformation for the refinement of grain structure in type 321 metastable austenitic steel. To this end, the material was rolled at liquid-nitrogen temperature and then annealed in the temperature range of 400°C to 800°C (0.34 to 0.54 T m ). The main conclusions from this work are as follows. As expected, the nucleation of strain-induced martensite during rolling as well as its subsequent reversion to austenite during annealing was governed by the K-S orientation relationship {111} c || {110} a¢ and h110i c || h111i a¢ . Importantly, however, both processes were characterized by very-strong variant selection. This resulted in a restoration of the crystallographic orientation of the coarse parent austenite grains during the c fi a¢ fi c transformation sequence. This effect was most pronounced during relatively low-temperature reversion (i.e., 600°C to 650°C), and therefore the present approach is not feasible for grain refinement.
A very important characteristic of the strain-induced martensite was its almost exclusive activation within deformation bands. This naturally restricted the volume fraction of the martensitic phase developed during rolling. Accordingly, even relaxation of variant selection during reversion at high temperature (i.e., 700°C) resulted only in a bimodal grain structure consisting of transformed ultrafine-grain domains and untransformed coarse-grain remnants of the original grains.
The refinement of untransformed coarse grains was achieved by recrystallization which follows reversion at 800°C. However, grains with crystallographic orientations close to Brass {110}h112i do not readily recrystallized, and thus the resulting microstructure was noticeably heterogeneous.
At present, therefore, thermomechanical processing utilizing cryogenic deformation is not totally suitable for the formation of an ultrafine-grain microstructure in type 321 metastable austenitic steel. Annealing of the cryorolled material between 700°C and 800°C was suggested to be a possible pathway for the technology optimization. Such treatment may promote extensive variant selection during the martensite reversion but avoid an excessive growth of recrystallized grains and thus produce the desirable ultrafine-grained structure. To eliminate the recrystallization-resistant grains with nearly-Brass orientation (and thereby provide microstructure uniformity), a relatively long-term anneal may be required, however.
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